The effects of the starvation trial on the biochemical composition and the fatty acid dynamics in the triacylglycerol fraction of the digestive gland, gonads and adductor muscle of the scallop Flexopecten glaber were assessed. Results show that three weeks of food deprivation induce depletion of carbohydrates and a significant decrease in proteins and lipids. The noteworthy patterns recorded for the various classes of lipids were the increase of the amount of phosphatidylethanolamine against a strong decline of mono-diacylglycerols, triacylglycerol and phosphatidylserine classes in gonads. These results reflect the ability of Flexopecten glaber to remodel endogenous lipid classes in order to avoid the gonads deterioration. In the starved specimens, severe declines of the n-3 polyunsaturated fatty acid group were recorded in the triacylglycerol fraction of digestive gland and adductor muscle against the increase of this group in gonads. These results confirm the role of triacylglycerol as a polyunsaturated fatty acids reservoir and pointed out to their mobilization from storage organs to the developing gonads during the food shortage trial. Examination of fatty acid data revealed that food deprivation lead Flexopecten glaber to invest in saving and accumulation of highly unsaturated fatty acids in gonads. This applies mainly to the arachidonic acid (20:4n-6) and the docosahexaenoic acid (22:6n-3).
Introduction
Bivalve mollusks experience nutritive stress, particularly under critical environment conditions and during the purification process for the consumed species [1, 2] . Under stressful conditions, bivalves' survival depends on their metabolic reserves [3, 4] . The relative contribution made by lipids, carbohydrates and proteins towards the utilization of energy reserves during starvation depends on the species and their stage of development [5, 6] . According to many authors, the digestive gland and the adductor muscle represent the principal energy storage organs in pectinids [7] [8] [9] [10] . Under a period of high energy demands, a transfer of metabolites from the digestive gland and the adductor muscle to the gonad was described in different scallop species [4, 9] .
The scallop Flexopecten glaber is endemic Mediterranean species [11] . In Tunisia, this bivalve occurs in the lagoon of Bizerte. The relatively low density of this specie in its natural habitat and its interesting nutritional values allowed us to consider F. glaber as a potential species for aquaculture [12] . In the case of bivalves, differences in the response to food availability may be of a great interest when considering the possibility of developing their culture [13] .
The goals of this study is to gain information regarding the effects of nutritive stress on the biochemical composition and the fatty acid dynamics in lipid classes of the F. glaber digestive gland, gonads and muscle. It has also allowed to assess the relative importance of different metabolites and the strategy adopted by F. glaber to modulate its endogenous metabolic reserves to overcome the starvation trial.
of mean shell height 43 ± 3 mm were collected by scuba diving from the Bizerte lagoon in the North east of Tunisia (longitude 9˚48'E -9˚56'E and latitude 37˚08'N -37˚14'N) in the spring season. Thirty six specimens were sacrificed upon arrival to the laboratory and considered as initial condition or "T 0 " (time zero) group. The other specimens were divided into equal groups and placed in three tanks (20 individuals per tank). Each tank contained 70 L of filtered and UV-treated seawater maintained at constant temperature (15˚C) and salinity (35 psu) . A photoperiod of 12-h light/12-h dark was sustained over the duration of the experiment.
During 3 weeks, samples were maintained unfed. A gentile aeration was applied in tanks to ensure an adequate supply of oxygen. Water was continuously filtrated and changed twice per week.
Chemical Analysis

Gross Chemical Composition
Total lipids were extracted according to the method of Folch et al., [14] with the solvent mixture chloroformmethanol (2:1, v/v) containing 0.01% buthylatedhydroxy toluene (BHT) as an antioxidant. Carbohydrate and protein contents were colorimetrically quantified as described by Dubois et al., [15] and Lowry et al., [16] respectively.
Lipid Classes' Separation
Lipid classes were separated using thin-layer chromatography (TLC) with one dimensional double development as described in Olsen and Henderson [17] . Doses of 500 µl of lipid extracts were separated on plates (20 × 20 cm, silica gel 60, Merck, Germany) using hexane: diethyl ether: glacial acetic acid (80:20:2, v/v) as developing solvent for neutral lipids and methyl acetate: isopropanol: chloroform: methanol: 0.25% KCl (25:25:25:10:9, v/v) as developing solvent for polar fraction. Lipid classes were visualized under UV light after spraying with 0.1% 2'-7'dichloro-fluorescein in absolute methanol.
Analysis of Fatty Acids
After evaporation to dryness, lipid extracts and fractions were trans-esterified according to the method of Cecchi et al., [18] . Methyl nonadecanoate 19:0 (Sigma), which didn't exist in our samples, was added as internal standard. Separation of FAMEs was carried out on a HP 6890 gas chromatograph with a split/splitless injector equipped with a flame ionization detector at 275˚C, and a 30 m HP Innowax capillary column with an internal diameter of 250 µm and a film thickness of 0.25 µm. Injector temperature was held at 250˚C. The oven was programmed to rise from 50˚C to 180˚C at a rate of 4˚C/min, from 180˚C to 220˚C at 1.33˚C/min and to stabilize at 220˚C for 7 minutes. Nitrogen was the carrier gas. Identification of FAMEs was based on the comparison of their retention times with those of a mixture of methyl esters (SUPELCO PUFA-3). Fatty acid peaks were integrated and analyzed using the HP chemstation software.
Statistical Analysis
To assess significant differences between means, data was analyzed using the software R Version 2.1.2.1. according to the One Way Analysis of Variance method (ANOVA) method. In this respect, Duncan test was applied and differences were considered significant when p < 0.05.
Results
Gross Chemical Composition
Data related to the effects of food deprivation on the biochemical composition of the digestive gland, the gonads and the adductor muscle of F. glaber are presented in Table 1 . We noticed that in control individuals (initial), lipids were the major biochemical components in the digestive gland and gonads. Glycogen is mainly found in adductor muscle reaching 29.5 mgg −1 ww. During the fasting trial, up to 60% of proteins were mobilized in the studied organs. The highest loss of protein was recorded in the digestive gland with 72% of the initial amount. Concerning glycogen, we noted that this compound dropped to a complete depletion after 21 days in different examined tissues.
As to lipids, results show that 86% of the adductor muscle reserves of these compounds were depleted after 3weeks of food shortage against 68% and 52% in digestive gland and gonads, respectively.
Results reported in Table 1 show that the lipids of the digestive gland and the gonads of F. glaber (initial) were dominated by the neutral fraction exceeding 90% and 70% respectively. However, in the adductor muscle, the polar lipids were the major compounds with 83.9% of total lipids.
Under food deprivation, we noted a decrease of the neutral lipids against an increase of the polar ones in the digestive gland and the gonads.
Lipid Classes
The content of the various lipid classes in studied organs before and after starvation trial is shown in Figure 1 .
Results demonstrate that phosphatidylcholine (PC) constitute the principal polar lipid fraction in the digestive gland (Figure 1(a) ) and the adductor muscle ( In the digestive gland, phosphatidylserine (PS) and phosphatidylinositol (PI) fractions remain at very low concentrations compared to the initial condition after 3 weeks of starvation. Nevertheless, The PC and phosphatidylethanolamine (PE) fractions show insignificant variations (p > 0.05). In the neutral fraction, we noted a significant decrease of mono-diacylglycerols (MDG) and Triacylglycerol (TAG) concentrations (p < 0.05).
In the gonad's polar lipids (Figure 1(c) ), the fasting trial induced a strong significant decline of PS and PC fractions against an increase in PE content (p < 0.05). However, in the neutral lipids (Figure 1(d) ), food deprivation led to drastic reduction (p < 0.05) in the contents of different fractions, mainly TAG and free fatty acids (FFA) as compared to those recorded at T 0 .
In the adductor muscle, starvation induced a significant decrease in different lipid classes at both polar (Figure 1(e) ) and neutral (Figure 1(f) ) fractions except for the FFA fraction which shows a significant increase (p < 0.05).
Fatty Acids Compositions
TAG fatty acids compositions in the digestive gland, the gonads and the adductor muscle of F. glaber before and after the fasting trial are reported in Table 2 .
In the digestive gland, the TAG fraction of the control specimens was dominated by the saturated fatty acids (SAFAs) group, which represents 50.1% of the total fatty acids. Among this group, the major fatty acids are the 14:0, the 16:0 (16.9% and 19.8%, respectively) and, at lesser level, the 18:0 (9.3%). The main unsaturated fatty acids, represented in terms of percentage, were as follows: monounsaturated (MUFA) 16:1n-7 (9.5%) and 20:1n-9 (5.1%); polyunsaturated (PUFA) 20:5n-3 (6.2%) and 22:6n-3 (9.8%). The most abundant (n-6) fatty acids were the 18:2n-6 (1.6%) and the 20:4n-6 (2.2%).Under fasting, the most severe declines occurred in the 14:0; 16:1n-7; 20:5n-3 and 22:6n-3. Nevertheless, starvation has led to a significant increase in the 18:0 (from 9.3 to 34.0%) and the 18:2n-6 (from 1.6% to 5.8%). A decrease in n-3 PUFAs was noticed with a simultaneous increase in the n-6 ones.
In the gonads, TAG's saturated fatty acids, mainly represented by 16:0 and 18:0 were significantly affected by the diet shortage (p < 0.05). The sum of SFA declined from 64.9% to 57.1%. Among the MUFA group, starvation induced an elevation of the n-7 series fatty acids (p < 0.05) mainly the 20:1n-7 (from 0.7% to 4.3%).
In PUFA group, after 3 weeks of food deprivation, we recorded an increase in the percentages of the following fatty acids: 16:2, 16:3, 18:2n-6 and 22:6n-3. On the other hand, a significant decline in the proportions of the 18:4n -3, 20:5n-3 and the 22:3n-3 was recorded. The amount of the n-3 and the n-6 PUFAs groups remained invariable (p > 0.05) in the gonads of the starved specimens.
In the adductor muscle, the TAG fraction of the unfed scallop was characterised by a high percentage of SFAs (88.8%) in comparison with the initial group (59.7%) (p < 0.05). The main constituent of this group were C16:0 and C18:0. Proportions of these two SFAs had significantly increased (p < 0.05) when compared to their initial values (from 21.4% to 29.7% and from 30.6% to 54.5%, respectively). Concerning the MUFA, starvation yielded a drastic drop of this group (from 21.9% to 6.6%).The main fatty acids that were observed to decline in MUFA with respect to those of T 0 were 18:1n-9 and 20:1n-9. Same trends were recorded in the different fatty acids belonging to the PUFAs group. Hence, lower content of the sum of PUFA including both n-6 and n-3 series was recorded (p < 0.05).
Discussion
The accumulation and depletion of stored reserves of Mollusca dependent mainly on the environmental influences as well as on metabolic activities, and the quantity and nutritional value of the food supply [19, 20] . The usual response to nutritive stress is an increase or a decrease in metabolic rate according to whether food is present or not [13] . In this study, the effect of starvation on the scallop F. glaber shows a significant reduction in the levels of different metabolites (carbohydrates, proteins and lipids) in the digestive gland, the gonads and the adductor muscle. The components that are utilized to the largest extent are carbohydrates particularly in the adductor muscle. This compound dropped drasticcally to a complete depletion after the 21 days of starvation. We conclude that in F. glaber, carbohydrates are used in greater proportion than proteins and lipids. Similar results were recorded in the abalone Haliotis kamtschatkana [21] , the clams Ruditapes decussatus and Venerupis pullastra [13] and the oyster Crassostrea gigas [22] . These authors have demonstrated that mollusks rely on glycogen as the main source of energy during fasting.
Our results have also shown that the adductor muscle is the main organ that is involved in glycogen storage in F. glaber. In fact, it has long been recognized that glycogen is the main energy reserve in juvenile and adult bivalves [23] . This metabolite is used as an energy reserve under adverse environmental conditions [24] . More recent studies have also confirmed the preferential use of carbohydrates as an energy source for bivalve molluscs in critical conditions [21, 22, 25] . According to Lane [26] , the preferential utilization of glycogen in proportion to other biochemical components is probably a protection strategy against the loss the structural components of the animal (proteins and lipids).
In this study, we observed that up to 60% of protein had been utilized after 21 days of food deprivation. The highest loss of protein in F. glaber is recorded in the digestive gland. As recorded in Donax vittatus [27] and Mytilus edulis [7] , the mobilization of proteins in bivalves occurs after the depletion of glycogen. Lane [26] has shown that proteins constitute the main source of calories compared to other metabolites (carbohydrates and lipids). Furthermore, Ansell and Sivada [27] pointed out that proteins act as a respiratory substrate in case of food deprivation in bivalves.
Our results indicate that food deprivation led to the decrease of total lipids at the different studied organs in F. glaber. The loss of lipids is greater in the adductor muscle and digestive gland than gonads. This result is most likely due to the mobilization of lipids from the adductor muscle and digestive gland to the gonads to maintain their development. These results are consistent with those obtained by Liu et al., [22] in the mussels C. gigas. These authors have shown that during food deprivation, energy reserves are mobilized to ensure the survival of the bivalve and the gonadal development even if spawning is prevented.
Lipids serve as an important endogenous energy reserve in marine invertebrates [28] . The calculation of the relative percentages of neutral and polar lipids in F. glaber shows that neutral lipids dominate lipids of the digestive gland and gonads. However, adductor muscle lipids are predominantly phospholipids. The dominance of neutral lipids in the digestive gland in scallops is related to the role of this organ in the storage of fat reserves as mentioned by several authors [8] [9] [10] . In the gonads, the high percentage of neutral lipids seems to be related to the accumulation of lipid reserves at the ovarian compartment and particularly in oocytes. Our results are consistent with those recorded in the bivalve Ensis arcuatus [29] . This observation was also confirmed by 14C labeling in Argopecten irradians concentricus by Barber and Blake [30] . Concerning the adductor muscle, the high percentage of phospholipids seems to be related to the structural role of these lipids in the membrane. The adductor muscle of F. glaber is not a lipid storage organ. Same results were recorded for the scallops A. irradians concentricus and A. purpuratus [30, 31] and the oyster C. gigas [3] .
The present study evaluated the effect of starvation on the lipid class distribution in the polar and neutral lipids of F. glaber. Qualitatively, we note that at the beginning of the experiment, the polar lipid fraction was dominated by PC class in all studied organs. This dominance of the PC class has been reported in some bivalve species [32, 33] . On neutral lipids, cholesterol was the dominant fraction in the three analyzed organs; however, gonads show a substantial amount of this lipid class. In fact, it has been reported that sterols and sterol esters represent the main components of the gonads of marine bivalves [34, 35] .
The noteworthy recorded effect of the starvation trial was the increase of the amount of PE against a strong decline of MDG, TAG and PS classes in gonads. This observation has led us to hypothesize that F. glaber is capable of remodeling endogenous lipid classes by synthesizing the PE de novo via CDP-DAG pathway. The elevation of PE in starved F. glaber is justified by the role of this amino derivative in the reinforcement and structuring of the membrane in order to avoid the organ deterioration. The structural and functional roles of the PE have been outlined in the male gonads of Pecten maximus by Soudant et al., [36] .
Concerning the neutral lipids, starvation induced mainly the increase of FFA class in the adductor muscle. This elevation is probably due to catabolic reactions of MDG and TAG required for the energy production. Similar findings were observed in Mytilus galloprovincialis [37] . Furthermore, Caers et al., [38] have associated the presence of FFA in C. gigas and Tapes phillippinarum to the hydrolysis of acylglycerols. This was also confirmed by Huca et al., [39] in the bivalve Diplodon delodontus by radioactive labeling.
It is admitted that the TAG fraction is known as the major reserve of lipids and an indicator of the nutritional state in some bivalve species [40, 41] . Hence, the effects of starvation on the fatty acid profiles of the TAG class of different organs of F. glaber were investigated.
Starved specimens had relatively greater amounts of SFA and mainly the C18:0 in digestive gland and both C18:0 and C16:0 in muscle. Antagonist tendencies were observed in gonads. Such a result is most likely due to the de novo synthesis of C16:0 and C18:0 fatty acids to support the increased energy requirements as demonstrated by labeled 14 C-acyl groups in the stressed oyster C. virginica by Chu and Greaves [42] . In the F. glaber storage organs (digestive gland and adductor muscle), the severe declines of the n-3 PUFAs (mainly the EPA and DHA after a 3 weeks starvation period) point out the role of TAG which is considered as a PUFA reservoir that could be used as the need arises as mentioned by Pernet et al., [40] . Furthermore, we recorded an increase of the percentages of the PUFAs group in the gonads of the starved specimens. It is therefore, likely, that the PUFA groups stored in the TAG fractions of the digestive gland and the adductor muscle were transferred to the developing gonads during the Copyright © 2013 SciRes.
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The Effect of Starvation on the Biochemical Composition of the Digestive Gland, the Gonads and the Adductor Muscle of the Scallop Flexopecten glaber 411 food shortage trial as mentioned before. Many authors have demonstrated that, depending on their environment, bivalves may support gametogenesis using recently ingested food, stored reserves or a combination of the two [43] . In this study we have recorded among the gonad's PUFA group, an increase of the DHA and maintain of the ARA. The increasing amount of DHA is attributed to its major role in the maintenance of the structural and functional integrity of cell membranes [44] . The retention of the ARA reflects the importance of this fatty acid as a precursor of prostaglandins. The latter is involved in reproduction and immune response of different mollusk species as revealed by Hurtado et al., [45] . Those finding concur with other studies in which a selective retention of the 20:4n-6 was reported in starved M. galloprovincialis [25] .
